Introduction
3D IC packaging employs advanced interconnect technologies including TSVs, bonding, wafer thinning, backside processing and fine pitch multi-chip stacking. [1] These new technologies improve the value of semiconductor devices, but produce new and complex manufacturing processes. In 2012, Semiconductor Equipment and Materials International (SEMI) has updated the standard of TSV geometrical metrology [2] and other standards under development. Thus, new inspection and metrology technologies are required to manage those complex manufacturing processes.
In 2011, International Technology Roadmap for Semiconductors (ITRS) updated the specific challenges of TSV and 3D interconnect metrology. [3] As shown Table 1 , the main challenges of 3D metrology involve the measurement of high-aspect -ratio TSVs and the opaque nature of materials (silicon and copper) that limits conventional optical microscopy techniques.
There are several methods for determining the shape of TSVs during or after their creation process, such as depth measurement using white light interference, optical coherence tomography (OCT) or confocal microscopy and 3D shape observation by X-ray CT or IR microscope. Although these methods can examine one TSV or a few TSVs at 
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we studied the methodology to measure the shape variation of vias, including that of diameter and depth. 
Methodology

Optical system
where d is the pattern pitch, α is the incident angle, β is the exit angle, m is the diffraction order, and λ is the wavelength. Telecentric illumination is important for obtaining the diffracted light from the entire wafer in one shot. All the points over the wafer should be illuminated with the same incident angle, and diffracted light with the same exit angle should be captured. Optical parameters, such as wavelength, polarization, wafer tilting angle, and illumination power, are defined before the inspections so as to obtain sensitive signals for each wafer process.
The diffracted light image of the entire wafer captured by the optical system is shown in Fig. 2 .
Obviously, the diffraction signal intensity in each area on the wafer changes as shown by the gray level, at which the variation in signal intensity depends on the variation in via size. The circle shows the wafer outline in Fig. 2 . When the patterns are formed uniformly, the diffraction efficiency is uniform in every pattern area, and the image gray level is uniform. When cross-sectional pattern shapes in some areas are changed by the defocusing of the exposure tool, for example, the diffraction efficiency in the area changes, and the image gray level becomes brighter or darker. The area resolution in the XY axis is not very high, but a slight change in cross-sectional pattern shape due to the error of the exposure or etching tool can be detected as the grayscale changes in the image. Diffraction occurs at the boundary of two materials with different refractive indices; therefore, the method is applicable to each stage of TSV formation, such as after deep via etching or after isolation/barrier metal coverage. Here, this type of inspection is called "TSV array macroinspection."
Wavelength of illumination light
Regarding illumination light, a single-band NIR light is selected in this study. By using NIR light such as that of 1,100 nm wavelength, it is possible to detect the change in via shape in deep position, including the bottom position because of Si transparency. A system with an NIR light illumination capability is installed to detect the defects in deep positions of the wafer.
Simulation
Model system
We evaluate quantitatively the order of magnitude of the diffraction signal for a realistic model system. We considered the basic structure (see 
Calculation system
For the microstructure with diffraction, we perform a rigorous coupled-wave analysis (RCWA) for simulations.
Because of the interaction between the micrometer-scale structures and the micrometer-wavelength light (i.e., NIR), a simpler method (e.g., scalar analysis which is similar to the effective medium approximation), is not accurate. [5] We consider the light path in the Si wafer shown in Fig.   5 . Utot represents the incoherent intensity summation of diffracted signal from the upper side. Ua, Ub, Uc and B represent the coherent product of amplitude reflectance or amplitude transmittance.
Inspection from the back side is expected to have a high sensitivity for deep locations and to extend the inspection opportunity proposed in this study.
Results
We obtained 56 results of simulation (incident from upper side or back side, incident angle, polarization, and diffraction order) per one profile type and chose better Fig. 3 Illustration of basic structure. 
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As shown in Figs. 6-(a) and (b), a high correlation between diffraction signal intensity and each profile type variation was observed. On the other hand, as shown Fig.   6 -(c), the signal of depth has small but noisy oscillation.
We consider that it is caused by the high refractive index of Si. A small physical depth variation increases the optical path length variation in Si. By further analysis of this phenomenon, it is expected that the technology will be enhanced to a higher level of shape profile measurement.
How a small defect is detected by the system depends on the noise level of the system and the resolution of the image sensor. However, evaluations of the system noise level and the resolution of the image sensor are not included in this study, and will be studied as future work.
Experiment
The sample
We prepared a test wafer to confirm the practicability of measurement and the reliability of simulation. For this purpose, only the via diameter variation is examined. A simple structure with via patterns of aspect ratio 1:1, i.e., 1 μm diameter, 1 μm depth and 2 μm pitch, was used. The number of TSVs per shot is on the order of 10 7 , but we measured an area near the center of shot for simplicity.
A small depth is expected to result in a small depth direction profile variation. In other words, it is robust against the noise except the signal of diameter. The model system changes accordingly. Figure 7 shows the relationship between diffraction signal intensity and via diameter measured by CD-SEM.
Result and discussion
From Fig. 7 , it was calculated that the signal change for a 10-nm-diameter change was 2 image gray levels; this change is large enough to be detected.
The experimental and simulated diffracted signal variations plotted against the diameter variation are shown by red and blue dots, respectively (see Fig. 8 ). We can see a correlation between the gray level and via diameter profiles (R 2 > 0.7) for experimental data (see Figs. 7 and 8) .
Deviations of the experimental data are larger than that of the simulated data, probably because of the error that was Figure 9 shows the proposed operation in the TSV process. TSV array macroinspection and measurement after D-RIE can monitor both hard mask etching and D-RIE during the creation of TSVs. In addition, it is recommended that a litho-oriented macroinspection be performed as after-development inspection to eliminate coating, exposure, and developmental issues. Inspection from the front side is difficult, but that from the back side is possible.
Proposed Operation
Inspection opportunities in various processes
Conclusion
New inspection and metrology technologies are This result showed a correlation with the diameter variation and a possibility of agreement between simulated data and experimental data.
We proposed the operation in the TSV process. This new technology should be essential for future 3D IC fabrication.
